shielding or stress concentrations, due to its high stiffness compared with the surrounding host bone. 7 The former may result in resorption of the shielded bone, 12 and the latter may result in hardware failure. 13 Segmental defects of the mandible occur in different lengths. Smaller defects (eg, <6 cm) with healthy adjacent soft tissue can often be restored using a bone graft harvested from the iliac crest. A large amount of bone can be harvested from the iliac crest. Iliac crest grafts can provide sufficient bone to allow dental restoration using osseointegrated implants. 5, 12 Larger defects with poor quality soft tissue require a vascularized bone graft. In this procedure, the bone is transferred along with a vascular pedicle that requires microsurgery to connect the vascular pedicle to blood vessels near the defect. The fibula is a common site for the harvest of a vascularized bone graft. It provides a long bone segment, a reliable (ie, easily found) vascular pedicle with large diameter vessels and its removal causes minimal donor site morbidity. 3, 5, 14, 15 The fibula also permits cutting and folding the bone segments together to create a "double barrel" of bone that is stronger and has roughly double the height of a single-barrel fibular graft. 10, 16 This procedure offers several advantages. It provides more vertical height, which improves the stability of dental implants. 17 The reduced height of a single-barrel fibular graft provides less depth for dental implant posts and results in more torque on the exposed portion of the dental implant post as it extends between the top of the graft to the occlusal plane. 18 This unfilled gap may also cause a loss of facial contour. 16, 19, 20 It should be noted that the maximum width of a defect which can be filled by a double-barrel fibular graft taken from one calf is 10 cm. This limitation is due to the maximum fibular length, which is 24 cm. Along with its vascular pedicle and overlying skin flap, this graft is often halved in length while preserving the blood supply. Next, the 2 segments are folded on top of each other. 16 The harvesting of a segment that is too long may increase the risk of donor site morbidity 17 and/or knee or ankle joint instability. 21 Mandibular reconstruction with a double-barrel fibular graft requires additional fixation devices to attach the upper barrel to the superior border of the remaining host mandible. [16] [17] [18] [19] Often mini-plates are used to attach the upper barrel as they provide sufficient stability and reduce the surgical time and discomfort for patients. [22] [23] [24] To study the failure risk of the reconstruction surgery, stress distribution is a good criterion. [25] [26] [27] By comparing the stress distribution on the reconstructed mandible, we can detect the potential regions of failure and propose solutions. How the distribution of mechanical forces through the mandible is altered after segmental bone loss and reconstruction is incompletely understood? A better understanding may facilitate optimizing reconstruction so as to restore the normal mechanical properties of the entire mandible. We begin our study by investigating the biomechanical behavior (ie, stress, 28 strain, 28 and reaction forces 29, 30 ) of a complete, normal mandible with a finite element (FE) model that discriminates cortical and cancellous bone, muscle, periodontal ligament, and the teeth. The objectives of our study are to investigate and contrast stress distribution at similar areas of the mandible for 3 cases of mastication at M 1 : (1) a healthy mandible under normal chewing conditions, (2) a resected mandible (ie, segmental defect in the M 1-3 region) with a single-barrel fibular graft and Ti-6Al-4V fixation hardware, and (3) a resected mandible with a double-barrel fibular graft and Ti-6Al-4V fixation hardware. For each case of reconstruction, 2 sets of plates with different thicknesses are used to study the effect of thickness on the fixation plates.
MATERIALS AND METHODS

Computed Tomography Scans and Design of Three-dimensional Mandible Models
A computer-aided model of a normal mandible (ie, healthy adult female, approximately 25-30 y of age) was created from computed tomography scan data. Separate computed tomography data are fit to these surfaces to locate the periodontal ligament and the fibular graft. 31, 32 The resected area of the mandible includes the left segment bearing M [1] [2] [3] , which has a length of 40 mm. Components of the reconstruction, including the fibular graft, the metallic fixation plates, and screws, are all simulated in SolidWorks (Dassault Systèmes, Waltham, MA). The fixation plate holding the inferior fibular barrel graft has 9 threaded holes, a thickness of 1.5 mm, length of 78 mm, and a width of 4 mm. 22 We graphically bent this plate to match the shape of the buccal (external) surface of the grafted bone and the adjacent host mandibular anatomy (ie, the inferior border of the mandible). We verified the fixation bar's contact with the bone surface by a collision detection algorithm. (Note: These plates are usually bent in the Operating Room and their close contact with the underlying bone is verified manually. The residual stress 33 on these plates would be negligible because the amount of bending is low.) For each fixation device, a minimum of 1 screw is placed in each of the remaining mandible segments and 1 screw on the opposing side of the fibular barrel graft (ie, screws are placed on both sides of the host bone/graft gap). Bicortical screws (ie, screws that pass through both the lingual and buccal cortices of the graft and the remaining host mandible) are used to fasten the large inferior plate. 22 The simulated screws have a diameter of 1.4 mm. The singlebarrel fibular graft consists of cortical and cancellous bone layers with a height of 20 mm and a width of 14 mm. The vascularized, double-barrel fibular graft consists of 2 singlebarrel grafts, fixed together by the surgeon to best mimic the normal contour of the mandible. 22 The height of the 2 adjacent pieces of the double-barrel graft is 38 mm. 17 To fixate the upper (second) fibular barrel graft, we simulate 2 mini-plates, both of which are slightly bent to fit tightly onto the graft and the superior border of the remaining host mandible. Each mini-plate has 3 threaded holes and is 1 mm thick with a length of 18 mm and a width of 2.8 mm. The mini-plates are secured by unicortical screws. 7, 22 The diameter of the 4 screws securing each mini-plate is 1.4 mm. To study the effect of thickness of the fixation plates, another set of plates with an increased thickness (2.5 mm for the fixation plate holding the inferior fibular barrel graft and 1.5 mm for the mini-plates) was designed and prepared for the simulations. It should be noted that all screws are locked into the plate and into the bone. All of the components were imported into ABAQUS 34 software (Dassault Systèmes, Waltham, MA) to conduct an FE analysis 35 of the expected stress-strain trajectories during mastication at the right M 1 .
A 4-node linear tetrahedral mesh 34 was used for all 3 aforementioned cases of mastication. Based on mesh convergence analysis, the numbers of elements are 1512877, 1400426, and 1545228 for the normal mandible, a mandible reconstructed using Ti-6Al-4V hardware and a single-barrel fibular graft, and a mandibular reconstruction using Ti-6Al-4V hardware and a double-barrel fibular graft, respectively. All data pertaining to material properties 25 of our model components are taken from studies by Andani et al, 36 Shetty et al, 37 and Nagasao et al 38 as summarized in Table 1 .
Constraints and Loading
We set up 24 nodes on the outer cortical surface of both mandibular condyles. This allows them to be restrained from movement in all 3 directions. 29 Seven nodes of bite contact on the buccal cusps of the lower right first molar are constrained from movement in all directions, simulating peak bite force (ie, these cusps reach maximal approximation between the buccal and lingual cusp rows of the upper molars). 22, 29 The intersections between teeth/periodontal ligament and periodontal ligament/ mandible are tied together completely and homogenously; there is no gap initially between the grafted bone and the remaining host mandible. The fixation hardware holds these 2 surfaces closely together. 29 Table 2 shows all of the muscle forces and directions, and also the area of each muscle attachment. Muscle forces are distributed homogeneously across the area of attachment in all muscles. The values for the area of attachment are taken from Van Eijden et al. 39 Muscle forces after mandibular reconstruction are assumed to be 60% of the average value recorded for a healthy adult. 22 Following reconstruction, all of the muscles are restored to their normal location. This meant that in some cases small amounts of the muscular sleeve would overlie the grafted bone and the remaining host mandible (Table 2) .
Model Validation
To validate our model, the experimental data were obtained from a study given by Ichim et al. 40 The scope of their study was to measure the buccal and lingual strains under normal loading conditions using a dry mandible. The boundary and loading conditions were subsequently recreated in our FE model. 41 To derive the strain based on our FE results, the △1/1 values for the similar regions to the experimental model were calculated (Fig. 1) .
As shown in Figure 1 , the results show a very good agreement between the model-predicted strains and experimental strains. The correlations between the results are statistically significant (buccal side: r > 0.99, P < 0.0005, root mean square error < 2.8e-6; lingual side: r > 0.99, P < 0.0005, root mean square error < 6.42e-6). All FE-predicted results were within the range of 95% confidence interval of average experimental measurements.
RESULTS
Reaction Forces
As mentioned in the Materials and Methods section, all the muscle forces used in the simulations are based on the bite force of 526 N on the right first molar, extracted from Korioth et al. 29 The first step to study these results is to calculate the equivalent bite force based on the simulations and to compare with the reference. All the material properties, boundary conditions, and muscle forces of our model are the same as in the study by Korioth et al. 29 Our simulation results found a bite force of 507.4 N, which is obtained from a summation of the nodes reaction force at the first lower right molar tooth during centric occlusion. This represents a 3% discrepancy with the experimental bite force (ie, 526 N) seen by Korioth et al. 29 This discrepancy may be due to differences in mandibular shape, our inclusion of the periodontal ligament, and minor differences in the muscle attachment sites. This agreement between the simulation and the experiment results verifies the accuracy and validity of our FE model. Figure 2 presents the von Mises stress 42 that occurs during mastication at the right M 1 in the normal adult mandible. The maximum peak stress regions occur on the right first molar tooth (17.6 MPa), the mandibular coronoid process on the balancing side (4.12 MPa), the buccal alveolar ridge of the cortical mandible in the right molar area (3.92 MPa), and at the mandibular neck of the condylar process on the balancing side (4.82 MPa). It should be noted that the maximum stress on the periodontal ligament is 1.4 MPa (Fig. 2) . The terms E (Pa), G (Pa), and ν stand for modulus of elasticity, 25 modulus of rigidity, 25 and Poission's ratio 25 of the material, respectively.
Normal Mandibular Masticatory Loading
36-38
Effect of Using Ti-6Al-4V Fixation Hardware and a Fibular Graft on Masticatory Stress Distribution
We graphically illustrate the change in stress at peak exertion during the chewing stroke for the case of a normal adult mandible, a resected mandible with a single-barrel fibular graft and Ti-6Al-4V fixation hardware, and a resected mandible with a double-barrel fibular graft and Ti6Al-4V fixation hardware (Fig. 3) . We see abnormal stress distribution in the mandible as a result of the Ti-6Al-4V fixation plate that is attached to either a single-barrel fibular graft or a double-barrel fibular graft. This analysis leads to 2 concerns for patients where the fixation hardware is not removed after the grafted fibular bone has healed with the remaining host mandible: (1) stress shielding of some of the grafted bone and host mandible and (2) stress concentration, especially at the fixation screws.
Stress Shielding of Some of the Grafted Bone and Host Mandible
As shown in Figure 3 , stress shielding is reduced in the double-barrel fibular graft as opposed to the single-barrel fibular graft condition. This may be due to the increased continuity between the grafted bone and the host mandible. The highest stress shielding occurs in the anterior regions of the single-barrel fibular graft.
To better understand the stress shielding of the reconstructed mandible, we compared average von Mises stress on the different anatomical regions of the 3 aforementioned cases (Fig. 4) . It is shown that stress shielding occurs in both cases of reconstruction most likely because of the very stiff Ti-6Al-4V hardware. Meanwhile, the average von Mises stress is less on the symphysis and alveolar process regions, and more on the body, angle, ramus, condylar process, and coronoid process regions when a single-barrel fibular graft is used. These differences may be due to the reduced height of the bone that is responsible for load-bearing (Fig. 4) .
Stress Concentration at Fixation Plates and Screws
As shown in Figures 3B, C , the highest stress concentration occurs on the inferior fixation hardware in the case where a single-barrel fibular graft is used and the stress is 1.57 times that seen in the double-barrel fibular graft simulation. It should be noted that the highest stress concentrations on the superior distal and superior mesial fixation hardware in the case of using double-barrel graft are 54.32 and 67.77 MPa, respectively. In addition, the stress concentration on the screws, which is a common reason for screw pullout and implant failure, was reduced by a factor of 0.69 in the double-barrel reconstruction over that of a single-barrel fibular reconstruction.
Effect of Thickness of the Fixation Plates on the Reconstruction Surgery
Two sets of fixation plates with different thicknesses are considered to study the effect of various thicknesses on stress shielding effect. As depicted in Figure 5 , the doublebarrel graft with the thicker fixation plates shows decreased stress for the inferior, superior distal, superior mesial fixation plate, and double-barrel fibular graft by the factors of 0.87, 0.91, 0.98, and 0.91, respectively. Similarly, in the case of using the single-barrel graft, the maximum von Mises stress is reduced by the factors of 0.61 and 0.58 for inferior fixation plate and single fibular graft, respectively.
DISCUSSION
Segmental mandibular defects commonly occur after treatment for benign tumors or malignant primary bone neoplasms, or during reconstructive surgery for trauma, infection, senescence, or osteoradionecrosis. Mandibular reconstruction surgery is undertaken to repair the defect and restore and insure the mandible's contribution to chewing, speaking, swallowing, and breathing functions as well as aesthetic form. Current methods for mandibular reconstruction almost uniformly use Ti-6Al-4V fixation hardware and vascularized fibular bone transplantation of either double-or single-barrel fibular grafts. One of the The muscle forces shown here were distributed homogeneously across the area of attachment in our mastication FE model. i, j, and k are the same as the x, y, and z directions of the volume in which the FE analysis occurs. These directions are weighted within the equation for each muscle to determine the primary vector, the overall vector, toward which each of these muscles pulls on the mandible. main challenges in using permanent Ti-6Al-4V fixation plates and screws is the stress shielding and stress concentration caused by the high stiffness of this hardware. Although these biocompatible and very stiff plates provide fixation during healing, it should be noted that the healed bone is thereafter significantly stress-shielded. We have established a comprehensive FE model to simulate maximal right molar bite force on a normal mandible and the 2 cases of mandibular reconstruction using singleor double-barrel fibular grafts. Our results show that stress shielding occurs in both cases of mandibular reconstruction; however, a more normal stress-strain distribution occurs along the mandible when a double-barrel graft is used. Additionally, a double-barrel graft will be more likely to maintain the normal facial contour of the patient and to support dental implant placement. Finally, the use of thinner fixation plates is more promising because they provide increased stress on the fibular graft after the healing period ends. It should be pointed out that we previously had shown that the use of the thinner plate set (ie, the inferior thickness of 1.5 mm and superior thickness of 1 mm) also supports the healing period by providing enough immobilization. 43 In the future, this type of analysis could incorporate patient-specific information and possibly guide the fabrication and placement of fixation hardware as well as the preparation and placement of bone grafts.
Long-term stress concentration at highly stiff fixation plates and especially metallic screws may put them at risk for fracture or loosening in the future. We observed that a double-barrel fibular graft caused less stress concentration on both the fixation plates and the fixation screws.
CONCLUSION
If fixation hardware is to be implanted permanently for the reconstruction of mandibular segmental defects, it may be useful to study how hardware prepared from less stiff materials, such as nitinol 44 or, possibly, porous nitinol, 43, [45] [46] [47] [48] might both provide sufficient immobilization during healing and recreate normal stress-strain trajectories during contralateral and/or ipsilateral (ie, after graft/host healing and the effective masticatory use of dental implants placed in the grafted bone) mastication.
